of water resources has gradually declined (Belder, Spiertz, Bouman, Lu, & Tuong, 2005) . In addition, previous studies have reported that the fields under flooding conditions are an important source of atmospheric methane (CH 4 ), one of the major greenhouse gases (GHG) (Aulakh, Wassmann, & Rennenberg, 2001; Yan, Yagi, Akiyama, & Akimoto, 2005) . The development of drought-resistant and water-saving rice production technologies can not only improve water use efficiency (WUE) but also solve the waste of water resources and environmental problems caused by CF and promote the sustainable development of agriculture (Cheng, Zhang, Zhao, & Yao, 2002; Fan et al., 2005; Liu et al., 2003; Mahmud, Barakbah, Osman, & Omar, 2014; Sun et al., 2012; Wang et al., 2016; Yang, Liu, Wang, Du, & Zhang, 2007; Yuan et al., 2014 Yuan et al., , 2017 .
Plastic film mulching dry cultivation (PFMC), a high-efficiency and water-saving cultivation technique, has been adopted and developed in many regions of China since the 1980s (Liang, Hu, Zhu, Wang, & Wang, 1999; Peng et al., 1999; Wu, Zhu, Liang, & Zhang, 2001; Wu, Song, Wang, & Zou, 1993) . Compared with CF, PFMC is characterized by its striking efficiency in the maintenance of soil moisture, increase in soil temperature in the early season and improvement of nutrient transformations and availability. PFMC helps to save irrigation water and fertilizer, promote rice plant growth, improve ecological and economic benefits, and facilitate high grain yield when under appropriate water and fertilizer management (Fan et al., 2005; Li et al., 2007; Liang et al., 1999; Liu et al., 2003; Lu & Wu, 2002; Tian, Lu, Fan, Li, & Kuzyakov, 2013; Wu et al., 2001) . However, there have also been some observations that the PFMC reduced, rather than increased, grain yield when compared with the CF (Cheng, Zhang, Zhao, Yao, & Wang, 2003; Li et al., 2017 Li et al., , 2007 Xu, Zhang, Lam, Wang, & Yang, 2007; Zhang et al., 2019; Zhang, Xue, Wang, Yang, & Zhang, 2009 ). Obviously, data on the effect of PFMC on yield would benefit from clarification.
Grain filling is the process of transporting photosynthates to grains, which determines the final grain weight, grain yield, and rice quality. To reveal the filling characteristics of superior and inferior grains, previous studies have been conducted on plant hormones, enzymes related to grain filling, substance metabolism in the endosperm and starch structure, proteomics, and gene expression differences between superior and inferior paddy rice grains (Nakamura, Yuki, Park, & Ohya, 1989; Nakamura & Yuki, 1992; Xie, Yang, Wang, & Zhu, 2001; Yang, Zhang, Wang, Zhu, & Wang, 2001; Yang, Cao, Zhang, Liu, & Zhang, 2008; Qin, Wang, Hu, & Li, 2010; Wang, Xu, Wang, Yang, & Zhang, 2012; Dong et al., 2014; Zhang et al., 2016; Anyaoha et al., 2018) . Researchers also clarified the effects of the sowing date, temperature, light, water management, and nitrogen, and its combination on grain-filling characteristics and rice quality (Dou et al., 2017; Huang et al., 2019; Lin et al., 2010; Sun et al., 2015; Wang et al., 2012; Wei et al., 2018; Yin et al., 2013; Zhang et al., 2012) . All of the above studies examined grain filling and the quality of paddy rice. Previous studies on the effect of PFMC on rice chalkiness produced differing results. and Cheng et al. (2003) showed that the percentage of chalky grains under PFMC was significantly lower than that under CF, and the quality of the appearance was significantly improved. However, the results of Zhang, Zhang, Yang, and Zhang (2008) were divergent, and they all used paddy rice as the research material. Upland rice is known as a new source of grain in the twenty-first century, which is one of the potential crops to ensure the world's food security and feed human beings (Conway & Toenniessen, 1999) . The cultivation and management of upland rice is similar to that of wheat and is particularly suitable for dry hills and low mountains. Upland rice can replace part of the paddy rice that is grown. However, there are few reports on the differences in grain-filling characteristics, grain weight and chalkiness and their relationships between paddy rice and upland rice in different cultivation methods, including PFMC.
The objectives of this study were to investigate the differences in the grain-filling characteristics, grain weight, and chalkiness and their relationships between paddy rice and upland rice under three cultivation methods: continuous flooding condition (CF) as a control, bare dry cultivation (BC) and plastic film mulching dry cultivation (PFMC). Some agronomic and physiological traits that are closely associated with the grain-filling process which determines the final grain weight, grain yield, and rice quality, such as the export rate of the matter from the stem and sheath (ERMSS) and the translocation rate of the matter from the stem and sheath (TRMSS), the chlorophyll content in the flag leaves, and nitrogen content in plants, were determined. This study is expected to provide a basis for the high-yield, high-quality, and water-saving cultivation of rice and sustainable agricultural development.
| MATERIALS AND METHODS

| Plant varieties and test site
The study was conducted on a farm in Yangzhou University, Jiangsu Province, China (32.30'N, 119.25'E) , during the rice-growing season from May to October 2015 and repeated in 2016. The two rice (Oryza sativa. L) cultivars used in the study were Zhonghan 3 (upland Japonica rice) and Wuxiangjing 99-8 (paddy Japonica rice). The previous crop grown on the experimental plot was wheat. The cultivated soil layer was sandy loam with an available phosphorus concentration of 22.7 mg/kg, available potassium concentration 82.4 mg/kg, available nitrogen concentration 98.8 mg/kg, organic matter concentration 20.3 g/kg, soil bulk density 1.34 g/cm 3 , and pH value 7.5. The monthly total sunshine hours, total precipitation, and mean air temperature of rice growing season in two experimental years were measured at the meteorological station near the test site ( Figure 1 ).
| Treatments
Three cultivation methods were adopted in this experiment, which were completely designed with a random block and repeated three times. The plot area was 1.5 m × 6 m. The three treatments were continuous flooding condition (CF) as the control, bare dry cultivation (BC), and plastic film mulching dry cultivation (PFMC). The CF treatment was continuously flooded with a 2-to 3-cm layer of water until the supply of water was terminated one week before harvest. In the treatment of PFMC and BC, the cultivated land was prepared, and then, the 1.5 × 6 m wide border surfaces were manually constructed. The PFMC treatment was used 2.0-m-wide and 0.007-mmthick plastic film to cover the border surface. The BC treatment lacked a cover. Under BC and PFMC, a 2-to 3-cm water layer was maintained within 7 days after transplanting to re-green the seedlings. After that, the water supply of the BC and PFMC treatments was controlled. Four soil tensiometers (Institute of Soil Science, Nanjing, China), which were installed in each dry cultivation plot at a depth of 15-20 cm, were used to monitor the soil water potential (SWP) and were read at 12:00 noon each day. The plots were irrigated with 1-2 cm of a thin water layer when the SWP of the dry cultivation plots reached −25 kPa (soil moisture concentration was 0.161 g/g, depth was 15-20 cm) and there was no precipitation. Irrigation water consumption (Figure 4a , b) was monitored by a flow meter installed in the irrigation pipeline (LXSG-50 flow meter, Water Meter Manufacturing Plant, Shanghai, China) and used to calculate the irrigation water productivity (IWP) and WUE. Each plot had an independent irrigation or drainage system. A SWP of −25 kPa would not dramatically reduce grain yield according to our previous research . Before transplanting, potassium chloride (300 kg/ha), calcium superphosphate (375 kg/ha), and urea (450 kg/ha) were applied to the soil of the plot. The two cultivars were sown on May 14, and the seedlings were raised in dry cultivation. They were transplanted from June 12 to 15 in both 2015 and 2016. The row spacing was 25 cm × 10 cm, with 2 plants per hill. The heading date of the two varieties (50% of the plants) was from August 15 to 21 and from October 6 to 12.
| Sampling and measurements
Twenty plants were labeled in each plot, and the stem and tillering dynamics were observed every 5-7 days from transplanting to heading.
The leaf water potential of the fully expanded leaves at the top of the stem was measured at sunny noon (11:30 a.m.) 44 days after transplanting in 2016 and 45 days after transplanting in 2015 (The SWP was approximately −25 kPa under BC and PFMC), 48 days after transplanting in 2015 and 50 days after transplanting in 2016 (PFMC and BC treatments were re-watered). Three pressure chambers (Model 3000; Santa Barbara Soil Moisture Equipment Company) were used to measure the water potential of the leaves, and six leaves were measured for each treatment.
The panicle size and heading start period occurred at approximately the same time for each treatment at the heading stage, and 150 to 200 panicles were selected. Cards were hung to mark them. Twelve tagged ears were taken every five days from flowering to maturity, and the samples were divided into two groups on average to provide replicates. After the samples were collected from the field, they were first baked at 105ºC for 1 hr and then at 70ºC for 12 hr. The grains directly growing on the top of the four primary branches (with the exception of the second grain at the top) were collected as superior grain samples, and the grains directly growing on the base of the four primary branches were collected as inferior grain samples. After sampling, all the samples were baked to a constant weight in an oven at 70ºC and weighed after the empty grains were removed.
Richard's equation was used to simulate the filling process (Zhu, Cao, & Luo, 1988) , in which W was the grain weight (mg); A was the maximum grain weight; t was the time after flowering (d); and B, k, and N were the equation parameters. The secondary parameters included R 0 /W as the relative initial growth potential (relative growth potential of the fertilized ovary) and R 2 as the determinant coefficient (the ratio of the regression square sum of W to the total square sum), indicating the degree of compatibility of the equation; T max as the time for reaching the maximum filling rate (d); G max as the maximum filling rate (mg·grain -1 day -1 ); G was the average filling rate (mg·grain -1 day -1 ); and D was defined as W from 5% to 95% of A as the active filling period. The grouting rate curve had two inflexion points, and its second derivative of T was calculated. The values T 1 and T 2 of the two inflexion points on the t coordinates were obtained. It was assumed that when 99% of A was reached, the actual final grouting stage T 3 was determined. The grouting stage was determined as early stage (0-t 1 ), middle stage (t 1 -t 2 ), and late stage (t 2 -t 3 ). The mean grouting rate (MGR) of each stage was calculated based on the duration and grouting material accumulation. The net increment of the grouting material that accumulated in each stage was the percentage of grouting material to total grouting material, and the contribution rate of grouting (CRG) in each stage was calculated.
Before sampling, five points were randomly chosen in each plot, and the number of tillers of 10 holes was counted at each point. According to the average number of tillers per hole in each plot at the heading and maturity stages, five representative samples (excluding boundary rows) were extracted from each plot. The samples were washed with deionized water, and the aboveground samples of the plants were separated from the root systems, dried in an oven (105°C for 30 min, 70°C for 72 hr), and weighed. The aboveground plants were digested using the micro-Kjeldahl digestion method, and the nitrogen content in the plants was determined using the method of Yoshida, Forno, Cock, and Gomez (1976) . This method was also utilized to determine the amount of nonstructural carbohydrates (NSC) in the stem and sheath at the heading and maturity stages.
Export rate of the matter in stem and sheath (ERMSS) (%) = [(dry weight of a single stem sheath at the heading stage -dry weight of a single stem sheath at maturity stage)/dry weight of a single stem sheath at the heading stage] × 100.
Transport rate of the matter in stem and sheath (TRMSS) (%) = (dry weight of the ear at maturity -dry weight of the ear at heading)/(nonstructural carbohydrate content of the stem and sheath weight at heading stage + dry weight of plant increased from heading to maturity) × 100. WUE, water use efficiency = grain yield (kg)/(amount of irrigation water + precipitation) (m 3 ). IWP, irrigation water productivity = grain yield (kg)/the amount of irrigation water (m 3 ).
Ten flag leaves were taken from each treatment at 0, 10, 20, 30, and 40 days after heading. The chlorophyll content in the flag leaves was determined as described by Li et al. (2006) and repeated three times for each treatment. The grain yield and yield components were determined as described by Yoshida (1972) .
The grain yield was calculated by randomly selecting 50 holes, excluding the boundary rows, and harvesting the grain in each plot at the stage of maturity for the two varieties. The moisture content of the harvested grains was adjusted to 0.14 g H 2 O/g. The components of the yield of the grain were panicles per unit area, spikelets per panicle, seed setting rate, and 1,000 grain weight (moisture content 14%, specific gravity ≥ 1.06 g/cm 3 ). The percentage of ripened grains was determined by multiplying the number of full grains (specific gravity ≥ 1.06 g/cm 3 ) to the total number of spikelets by 100. Spikelets per panicle = grain yield per unit area/(panicles per unit area ×1,000 grain weight × seed setting rate).
According to the specifications of the rice quality measurement standard (AQSIQ, 2017), approximately 500 g grains harvested at the maturity stage in each plot were dried in a forced-air oven at 40°C and then used to analyze the quality of the rice. Grain samples of 150 g were passed through the dehusker twice. Head rice is a grain whose length reaches three-fourths or more of the average length of a complete grain (Mapiemfu et al., 2017) . The chalkiness of 100 abrasive grains in each plot was evaluated by visual measurement. Grains containing more than 20% whiteness of the center, belly and back or combinations of these are considered chalky grains. The degree of chalkiness was the percentage of the area that was chalky in the projection area of the rice grain.
| Statistical analysis
An analysis of variance (ANOVA) was analyzed using a SAS/ STAT statistical analysis package (version 6.12; SAS Institute). The figures were drawn using Sigmaplot 12.5 (Systat Software Inc.). The data of each sampling date were analyzed separately. The means were tested with the least significant difference at p = .05 (LSD 0.05 ). The statistical model used include sources
of variation due to repetition, years (Y), cultivar (C), treatment (T), and their interactions (Y × C, Y × T, and C × T).
| RESULTS
| Soil and leaf water potentials
It took 8-11 days without rainfall for the SWP to reach −25 kPa with BC and 9-13 days for it to reach −25 kPa with PFMC (Figure 2a, b) . Two varieties were grown in the field. The irrigation times of CF were 17-20, while those of PFMC and BC were 7-8 and 10-12, respectively. The precipitation in the growing season of 2015 was 678 mm, and that in 2016 was 597 mm; therefore, the amount of irrigation in 2015 was 1-2 times less than that in 2016 (Figure 2a, b) . Figure 3a and b shows the leaf water potential (measured at noon) when the SWP was approximately −25 kpa, and the plots were re-watered under BC and PFMC. The leaf water potential ranged from −1.04 to −1.12 MPa with BC, from −0.98 to −1.06 MPa with PFMC, and from −0.47 to −0.58 MPa with CF when the SWP was approximately −25 kpa. The leaf water potential under dry cultivation was significantly lower than that under CF. When the plots of dry cultivation were re-watered, the leaf water potential did not differ significantly among the three cultivation methods (Figure 3a, b ).
| Tiller number, chlorophyll content, and nitrogen content
The number of tillers of the two cultivars varied with the cultivation methods (Figure 5a the difference in the tiller number among the three cultivation methods gradually increased. The tiller number of the two cultivars under PFMC increased faster than that under CF, while the number under BC increased slower than that under CF. The peak seedling number at the jointing stage was PFMC > CF > BC. The average panicle number of upland rice was less, but the average tillering earing rate of the upland rice was 13.5% higher compared with that of the paddy rice. Under BC and PFMC, the panicles per unit area of upland rice decreased significantly, while the number of panicles per unit area of paddy rice increased by 8.2% and decreased by 15.5%, respectively, compared with CF (Figure 5a-d) .
The chlorophyll content in the flag leaves of the upland rice and paddy rice under the three cultivation methods increased first and then decreased (Figure 5e-h) . Overall, the chlorophyll content of the upland rice decreased faster than that of the paddy rice. The decreasing order of the chlorophyll content in flag leaves of the two cultivars was BC > CF > PFMC. However, the chlorophyll content of the paddy rice decreased more slowly than that of the upland rice. The chlorophyll content in the flag leaves of upland rice under CF was higher than that in the early stage of grain filling (August 7-27) but decreased sharply and was lower than that under PFMC and BC in the middle and late stages of grain filling (September 6-16). The chlorophyll content in the flag leaves of the paddy rice under CF was always higher than that under PFMC and CF (Figure 5e-h) .
At the heading stage, the nitrogen content in the upland rice plant under BC and PFMC was significantly lower compared with that of the CF (Figure 6a-d) . At the maturity stage, the nitrogen content in upland rice plants under PFMC increased by 12.2% compared with that under CF, and the difference reached a level of significance at p < .05. The order of the decreasing rate of nitrogen content from heading to maturity was CF > BC > PFMC for the two cultivars. Compared with paddy rice, the mean nitrogen content in the upland rice plant at the heading stage was not significantly higher, but the mean nitrogen content in the upland rice plant at maturity was significantly lower (Figure 6a-d ). There were significant differences in the nitrogen content in plants at the mature stage. These values varied between the two varieties, among the three treatments, and the interaction between treatments and cultivars.
| | Transport of substances,
IWP and WUE
The export rate of matter in the stem and sheath (ERMSS) and the translocation rate of the matter in the stem and sheath (TRMSS) in upland rice were PFMC > CF > BC (Table 1) . Compared with CF, the export rate of the stem and sheath substances and translocation rate of stem and sheath substances in upland rice increased by 342.2% and 432.2% under PFMC and decreased by 113.6% and 115.5% under BC, respectively. The trend of the paddy rice was comparable to that of the upland rice. The average ERMSS and TRMSS values in the upland rice were significantly smaller compared with those of the paddy rice. The IWP and WUE of the two cultivars under PFMC and BC were significantly higher by 6.0%-27.0% and 26.5%-109.9%, respectively, compared with those of CF. There were significant differences for ERMSS, TRMSS, IWP, and WUE between the two cultivars, among the three treatments and the interaction between treatments and cultivars (Table 1 and Figure 4c -f).
| Grain yield, grain filling, chalkiness of rice, and their relationship
Compared with CF, the yields of both cultivars decreased significantly under BC; the upland rice yield decreased significantly; and the paddy rice yield did not differ significantly under PFMC (Table 1 ). The number of spikelets per panicle and the number of panicles per unit area in the upland rice decreased significantly under PFMC and BC, but the seed setting rate and 1000-grain weight increased significantly or did not increase significantly, respectively. Compared to CF, the panicle number per unit area of the paddy rice was significantly higher with PFMC and was significantly lower with BC; the seed setting rate was significantly higher; and the 1000-grain weight was significantly lower. The average yield of the upland rice was lower than that of the paddy rice (Table 1 ). There were significant differences for grain yield and its components between the two varieties, among the three treatments, and the interaction between treatments and cultivars (p < .05) ( Table 1) .
The estimated values and determinant coefficients of the parameters fitted by Richard's equation depending on the days after flowering are shown in Table 2 . This table shows that the fitness of the superior and inferior grains in other treatments was > 0.98, with the exception of the inferior grains treated by upland rice with CF. This indicates that the grain-filling process of the two cultivars with different grain positions could be described by Richard's model. The final grain weight of the superior grains of upland rice under PFMC and BC increased by 3.3% and 1.3% compared with that under CF, respectively. The grain weight of the inferior grains for upland rice under the three cultivation methods was basically the same as that of the superior grains. The superior grain weight of the paddy rice under PFMC and BC decreased by 7.2% and 8.6% compared with that under CF, respectively. The grain weight of the inferior paddy rice grains under different planting methods was comparable to that of the superior grains. Therefore, the effects of the different planting methods on the final grain weight of the paddy T A B L E 1 ERMSS, TRMSS, grain yield, and its components of upland rice Zhonghan 3 (Japonica) and paddy rice Wuxiangjing 99-8 (Japonica) under different cultivation methods rice and upland rice differed. There were significant differences for the maximum weight of superior grains and inferior grains between the two varieties, among the three treatments and the interaction between treatments and cultivars (p < .05) ( Table 2) . Tables 2 and 3 also show that the shape parameter N value of the superior grain equation of upland rice in each treatment is greater than 1, and the order of size is PFMC > CF > BC. The shape parameter N of the inferior grains was less than 1, and its numerical order is opposite to that of the superior grains. The grain-filling curve is obviously right-sided, and the superior and inferior grains are asynchronous grouting types. The maximum filling time of the superior grains in upland rice was earlier than that of the inferior grains, and the beginning filling time of the inferior grains lagged in comparison. When the filling rate of the superior grains decreases to a very low level, the inferior grains begin to accelerate the filling. The relative initial filling potential (R 0 /W), maximum filling rate (G max ), and average filling rate (G) of the inferior grains were much smaller than those of the superior grains. The R 0 /W ratio of the inferior and superior grains of upland rice under BC and PFMC was higher than that under CF, and the active filling period (D) of the superior grains was 25.0% and 25.3% shorter than that under CF, while G increased by 38.2% and 39.0%, respectively. The trend of the inferior grains was comparable to that of F I G U R E 4 Irrigation water input (a, b), irrigation water productivity (c, d), and water-use efficiency (e, f) of upland rice Zhonghan 3 (Japonica) and paddy rice Wuxiangjing 99-8 (Japonica) under the three treatments. CF indicates continuous flooding condition. BC and PFMC indicate bare dry cultivation and plastic film mulched dry cultivation, respectively. The vertical bar represents the average value of ± SE. The SE was calculated for three replicates a year. Different letters indicate the statistical significance of the same variety at the level of p = .05 the superior grains. The treatment of the superior grain for the paddy rice T max was the largest under BC, the treatment of the inferior grain was the smallest under PFMC, and the treatment of inferior and superior grain T max was the shortest under CF. The shape parameter N value of the inferior and superior paddy rice grains was less than 1 under the three treatments, and the grain filling of the inferior and superior grains tended to be synchronized. The relative initial grain-filling potential of the inferior and superior paddy rice grains under BC and PFMC were T A B L E 2 The characteristic parameters of Richard's equation for the grain-filling process of upland rice Zhonghan 3 (Japonica) and paddy rice Wuxiangjing 99-8 (Japonica) under different cultivation methods *, ** F values significant at the p = .05 and p = .01 levels, respectively. NS indicates nonsignificance at the p = .05 level.
Year/cultivars
Cultivars Cultivation methods Position
lower than those under CF. Compared to the paddy rice, the average R 0 /W and G max of the superior upland rice grains were higher, while the T max was the opposite. The R 0 /W of the inferior grains of upland rice was smaller. The average G max and T max of the inferior upland rice grains did not differ significantly from those of the paddy rice, and the mean T max of the inferior grains for the two cultivars was significantly longer than that of the superior grains. Compared with that T A B L E 3 Estimation of the parameters of the Richard's equation for grain-filling process of upland rice Zhonghan 3 (Japonica) and paddy *, ** F values significant at the p = .05 and p = .01 levels, respectively. NS indicates nonsignificance at the p = .05 level.
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in the paddy rice, D of superior and inferior grains in upland rice was shortened; G was accelerated; and the grain weight was reduced. There were significant differences for the characteristic parameters of Richard's equation between the two varieties, among the three treatments, and the interaction between treatments and cultivars (p < .05) ( Table 3 ). The filling time of the superior upland rice grains under PFMC and BC was not significantly different from that under CF in the early stage but was significantly smaller in the middle and late stage than that under CF ( Table 4 ). The average grain-filling rate in the upland rice under BC and PFMC was higher in the early, middle, and late stages than those under CF. Compared with CF, the filling time of inferior grains under PFMC was longer in the early stage and shorter in the middle and late stages. The rate of contribution under PFMC was larger in the early stage and smaller in the middle and late stages. The superior grain-filling time and contribution rate of the paddy rice under PFMC and BC were greater than those under CF in the early stage, less than that under CF in the middle and late stage, and the average superior grain-filling rate of paddy rice under BC and PFMC was less than that under CF in the early stage. The order of the superior grain-filling rate for paddy rice in the middle and late stages was PFMC > CF > BC. The order of the filling time and contribution rate of inferior paddy rice grains in the early stage was BC > PFMC > CF, but in the middle and late stage, it was the opposite. The order of the average inferior grain-filling rate in the early, middle, and late stages was BC > PFMC > CF in all cases (Table 4 ).
The duration of the superior grain filling of upland rice and paddy rice tended to increase. The average grain-filling rate tended to decrease in the early, middle, and late stages, and the contribution rate was the largest in the middle of grain filling. The filling duration of the inferior grains in upland rice and paddy rice was opposite to that of the superior grains. The average filling rate was the highest in the middle stage, followed by the earlier stage, and it was the lowest in the later stage. The contribution rate was primarily in the early and middle stages and decreased significantly in the later stage (Table 4) . Compared with paddy rice, the duration of superior grain filling for the upland rice was shorter in the early and middle stages and longer in the later stages. The average grain-filling rate was higher in the early, middle, and late stages, and the average contribution rate was smaller in the early stage and larger in the middle and late stages. The average duration of the inferior grain filling of upland rice was longer in the early stage and shorter in the middle and late stages, and the average grain-filling rate of the upland rice was slightly smaller in the early stage and larger in the middle and late stages than that of paddy rice. The average contribution rate of upland rice was higher in the early stage than that in the middle and late stages compared with paddy rice (Table 4 ).
The percentage of chalky grains for upland rice under PFMC and BC was 26.1% and 9.2% significantly lower than that under CF, respectively, and the difference between the BC and PFMC treatments was also significant (Figure 6e h). There was no significant difference in the percentage of chalky grains for paddy rice between PFMC and CF. The percentage of chalky grains under BC decreased by 7.4% compared with CF. The chalkiness of the upland rice under BC and PFMC was 19.6% and 27.1% lower than that under CF, respectively. The trend of paddy rice was comparable to that of upland rice, the average percentage of chalky grains for upland rice was 19.0% lower, and the average chalkiness of upland rice was slightly higher compared with that of the paddy rice (Figure 6e-h) . Table 5 shows correlations of chalky characteristic of rice with the main parameters of Richards equation for grain filling. The results showed that the percentage of chalky grains was negatively correlated with R 0 /W, G, and G max and positively correlated with T max and D. Chalkiness was negatively correlated with R 0 /W, positively correlated with D, and negatively correlated with the other grouting characteristic parameters, but they did not reach a significant level (Table 5 ).
| DISCUSSION
There are different conclusions about the effects of different dry farming modes on the yield of paddy rice. The results of Liu et al. (2003) and Fan et al. (2005) showed that the yield of paddy rice increased by 12%-14% with PFMC compared with CF. Zhang et al. (2009) reported that the yield of paddy rice Shanyou 63 (Indica) did not differ significantly between CF and PFMC, while the yield of paddy rice Zhendao 88 (Japonica) under PFMC was significantly lower than that under CF. The results of Cheng et al. (2003) showed that the yield of paddy rice Jiazao 935 (Indica) under PFMC was significantly lower than that under CF. However, there are few reports on comparative studies of the effects of BC and PFMC on the yield of paddy rice and upland rice. Cheng et al. (2002) found that the yield of upland rice (Brazilian IAPAR9) was not significantly reduced by full-course filmmulched dry direct seeding than that by water direct-seeding, while that of paddy rice Jiazao 935 (Indica) was significantly lower. This study showed that the yields of both cultivars decreased significantly under BC, and the upland rice yield decreased significantly. The yield of paddy rice did not differ significantly under PFMC compared with CF. The results of the research on the yield of paddy rice were comparable to those of Zhang et al. (2009) . The results of the yield in the upland rice research were different from those of Cheng et al. (2002) . This may be related to the different varieties and the different planting methods. The way of dry cultivation adopted by Cheng et al. (2002) was full-course film-mulched dry direct seeding. In this experiment, the seedlings were transplanted after film mulching and were treated by dry cultivation after they had survived. In addition, compared with CF, the results also showed that there were no significant differences or significant increase in grain number per panicle, seed setting rate, and 1000-grain weight of upland rice under PFMC, but the number of panicles per panicle decreased significantly, which was the main reason for the decrease in the yield of upland rice. The number of panicles of paddy rice under PFMC was higher than that under CF. Compared with CF, the increase in the seed setting rate and panicle number of paddy rice under PFMC compensated for the loss of grain number per panicle and 1000-grain weight, resulting in no significant difference in yield between PFMC and CF.
Previous studies have shown that the seed setting rate and 1000-grain weight of the dry-cultivated rice are lower than those of the CF (Cai, Yang, & Huang, 2000; Cai et al., 2002; Peng et al., 1999; Qian et al., 2004) . Under low water content soil conditions, the grain weight, particularly the grain weight in the lower part of panicle (inferior grain), decreased significantly (Wang, Yao, Li, & Cai, 1995) . Cai et al. (2000) hypothesized that premature senescence of the flag leaf and photosynthetic decline during the grain-filling stage were the main reasons for the low grain-filling rate, short grain-filling period, and decline in the weight and yield of the grain. Cheng et al. (2002) hypothesized that after dry cultivation, the distance between superior and inferior grains of upland rice and paddy rice entering the filling peak period was shortened, and the difference in the filling rate between inferior and superior grains increased, which affected the filling of inferior grains, and eventually led to the decrease in the seed setting rate and grain weight. The results of this study showed that there were significant differences between paddy rice and upland rice in the effects of dry cultivation on the seed setting rate and 1000-grain weight. The grain weight of the inferior and superior grains of upland rice under PFMC was higher than that under CF (Tables 2 and 3 ). The chlorophyll content in the flag leaves of upland rice under PFMC maintained a high level in the middle and later stages of grain filling (Figure 5e, f) , and the translocation rate and conversion rate of the matter in stem and sheath under PFMC were significantly higher than those under CF ( Table 1 ). The relative initial growth potential, maximum grain-filling rate, and average grain-filling rate of the inferior and superior grains for upland rice under PFMC were also significantly higher than those under CF, which may be an important reason for their gain in the grain weight.
The grain weight of the paddy rice after dry cultivation was lower than that under CF, particularly under BC, which was similar to the results of previous studies. The reason is that although there are more days before the grain filling of paddy rice under PFMC and BC than those under CF, the *, ** F values significant at the p = .05 and p = .01 levels, respectively. NS indicates nonsignificance at the p = .05 level.
T A B L E 4 (Continued) grain-filling rate of paddy rice under PFMC and BC was obviously lower than that under CF, and the days during the middle and late grain filling of paddy rice under PFMC and BC were less than those under CF. Simultaneously, the chlorophyll content of the paddy rice under PFMC and BC was lower than that under CF during the whole grain-filling period (Figure 5g ,h). This may be an important reason for the reduction in the grain weight of paddy rice after dry cultivation.
Scientists (Lin, Xiao, & Wu, 2002; Raju & Srinivas, 1991) have pointed out that the varieties with a high chalky rice rate increased their grain weight faster in the early stage of grain filling and shortened their grain-filling period. The results of upland rice after dry-planting indicated that the grain-filling rate increased; the active filling period shortened; the percentage of chalky grains and chalkiness were lower, and the resulting trend of paddy rice was similar to that of upland rice. Similar results were obtained in pot experiments (Zhang et al., 2004) . The reasons for the inconsistency between the results of this analysis and those of previous studies may be related to the different materials and cultivation conditions. Zhong, Zeng, Xu, Zhang, and Zeng (1996) pointed out that the relationship between chalkiness and the grain-filling characteristic parameters of rice was an open upward parabola. That is, when the grain-filling rate is in a small range, the chalkiness of rice decreases with the increase in the grain-filling rate. When the grain-filling rate reaches a certain level, the chalkiness of rice increases with the increase in the grain-filling rate. When the grain-filling rate is on both sides of the parabola, the conclusion will be different. Observers will conclude that the relationship between the grain-filling rate and rice chalkiness is complex and depends on ecological conditions, such as the varieties, cultivation conditions, soil moisture, and temperature during grain filling. The conclusion of Raju and Srinivas (1991) may be applicable to the numerical range on the right side of the parabolic inflection point, while the author's conclusion is applicable to the numerical range on the left side of the inflection point; that is, within a certain range of grain-filling rate, moderately increasing the grain-filling rate is conducive to reducing the chalkiness of rice. Jin, Qiu, Sun, Zhao, and Jin (2001) showed that the rate of chalky rice decreased when nitrogen fertilizer was applied after the heading stage. An increase in the rate of application of nitrogen results in an increase in the nitrogen content of the plant and a decrease in the rate of the chalky rice. The experimental study shows that the nitrogen content of the two cultivars decreased slowly after heading, particularly under PFMC, which maintained a high level of nitrogen content during the grain-filling stage (Figure 6a-d) . This may be an important physiological reason for the decrease of rice chalkiness with the increase in the grain-filling rate in a certain range of this rate.
Therefore, in actual rice production, the paddy rice cultivars with drought resistance and high-yield potential should be selected and covered with degradable plastic film for dry cultivation. The upland rice cultivars with large panicles and strong tillering types should be selected, and dry cultivation conducted in dry land and hillside land where rainwater is stable, but irrigation conditions are lacking in the summer or in low-lying areas. Simultaneously, basic seedlings and nitrogen fertilizer should be properly increased to promote the formation of tillers and effective panicles. The cultivation methods of paddy rice and upland rice described above can not only save water resources, reduce greenhouse gas emissions, and protect the environment but also obtain a higher yield of grain. In this study, the mechanism behind the different tillering and panicle characteristics of upland rice and paddy rice under PFMC merits further study.
| CONCLUSIONS
Compared with CF, the yield of upland rice decreased significantly, and the yield of paddy rice did not differ significantly under PFMC. However, the yields of the two cultivars decreased significantly under BC. Superior and inferior grains of the two cultivars under PFMC had a greater Note: R 0 /W, relatively initial grain-filling potential; G max , maximum grain-filling rate; T max , time reaching the maximum grain-filling rate; D, active grain-filling period; G, mean grain-filling rate.
* and ** indicate the significance of the correlation at the p = .05 and p = .01 levels (n = 24). mean grain-filling rate (G) and shorter active grain-filling time (D) compared with those of CF. Under PFMC, the two cultivars had higher rates of both export and translocation of the matter in the stem and sheath and a slower rate of decrease in the chlorophyll content in the flag leaves and nitrogen content in plants after heading. The upland rice had a higher grain weight, and paddy rice had a lower grain weight compared to that of CF. The chalkiness of the two cultivars was significantly decreased under dry cultivation.
The percentage of chalky grains was negatively correlated with G and positively correlated with D. The results showed that film mulching (degradable film) dry cultivation of paddy rice and bare dry cultivation of upland rice were more effective at saving water during cultivation in dry land, hillside land with unstable irrigation water sources, or lowlying areas prone to waterlogging, which could improve the grain-filling rate, yield, and quality of appearance of upland rice and paddy rice. 
